Peatlands store one-third of global soil carbon 1 . Drought/drainage coupled with climate warming present the main threat to these stores 1-4 . Hence, understanding drought e ects and inherent feedbacks related to peat decomposition has been a primary global challenge 5, 6 . However, widely divergent results concerning drought in recent studies 3,7-11 challenge the accepted paradigm that waterlogging and associated anoxia are the overarching controls locking up carbon stored in peat. Here, by linking field and microcosm experiments, we show how previously unrecognized mechanisms regulate the build-up of phenolics, which protects stored carbon directly by reducing phenol oxidase activity during short-term drought and, indirectly, through a shift from low-phenolic Sphagnum/herbs to high-phenolic shrubs after long-term moderate drought. We demonstrate that shrub expansion induced by drought/warming 2,6,10,12,13 in boreal peatlands might be a long-term self-adaptive mechanism not only increasing carbon sequestration but also potentially protecting historic soil carbon. We therefore propose that the projected 'positive feedback loop' between carbon emission and drought in peatlands 2,3,14,15 may not occur in the long term.
Phenolic inhibitory e ect is defined as a negative value of Pearson's r between soil respiration and soluble phenolics in the surface soil. The grey square is one masked value (removed from the regression) in a drained site where samples were collected around a big pine tree. Autotrophic SR from tree roots may have been the main contributor to the high total SR recorded, thus a ecting readings in this site. Water level is measured relative to the ground surface.
Therefore, unrecognized adaptive mechanisms rather than anoxia must exist and inhibit carbon loss in unsaturated peatlands. Here, we provide new evidence on how a dual mechanism controlling phenolics build-up is the key to long-term carbon storage under drought using five integrated field and laboratory experiments. Fig. 1 ), yet continue to accrete carbon at a rate 25 times higher than in boreal peatlands 11, 20, 21 . Pocosins are mature shrub peatlands and the resilient mechanisms that have developed in these systems over millennia might be more obvious than in other recent shrub-expanded boreal peatlands.
To explore the unknown mechanism of peat carbon preservation we first monitored soil respiration (SR) and related biotic/abiotic parameters in natural, drained and restored pocosins. Here, SR includes both heterotrophic respiration of microbes (HR) and autotrophic respiration of roots and associated mycorrhizae (AR), but only HR contributes to peat decomposition. For the past two decades, hydrologic differences among our sites have changed the plant communities and soil biogeochemistry (Supplementary  Tables 2 and 3) . Mature canopy trees, ferns and shrubs dominate in the natural, drained and restored sites, respectively. Loss on ignition of soil, C/N ratios in leaves and stems, and total phenolics in leaves were lower in drained sites than other sites. The natural site had higher total soil nitrogen and the highest above-ground biomass (71.9 MgC ha −1 ) compared with restored (20.1 MgC ha −1 ) and drained (4.8 MgC ha −1 ) sites, thus emitting the highest CO 2 (Supplementary Fig. 2 ), possibly mainly from AR. As in other wooded peatlands 7, 8, 11 , drainage did not raise SR ( Supplementary Fig. 2 ), although more reactive nitrogen was available in drained sites compared with restored sites (Supplementary Table 3 ). Two environmental variables consistently affected the temporal dynamics of SR in each site. Soil temperature explained 80-91% of the SR dynamics ( Supplementary Fig. 3 ). The second variable was phenolics, which was negatively related to SR, and importantly this relationship was stronger at the drier sites ( Fig. 1) . Therefore, it seems that phenolics, acting as anti-microbial and anti-enzymatic compounds 15 , increasingly inhibited microbial and enzyme activity and hence reduced HR under drought. However, a possible increase in AR under drought might mask the reduction of HR, leading to contrasting and often incorrect conclusions when using total SR (HR + AR) to evaluate the drought effects on peat decomposition.
To examine whether HR is inhibited during short-term drought and how long-term hydrologic conditions impact this, we collected peat monoliths from natural, drained and restored pocosins and incubated them in open-top microcosms creating drought conditions by evaporation. The fresh litter, live roots and rhizomes (>1 mm diameter) were removed to exclude AR. Over 5 months, about 42% of soil water was lost in all monoliths ( Supplementary Fig. 4a ). HR decreased 53% in the restored and 80% in the natural/drained sites within 60 d before reaching a similar asymptote ( Supplementary Fig. 5 ). As both labile polysaccharide and water-extracted dissolved organic carbon did not decrease temporally ( Supplementary Fig. 4c,d ) and HR was uncorrelated to soil moisture, HR was unlikely limited by available carbon and soil moisture. These results matched our field observations and clearly showed that phenolics significantly inhibited HR (Fig. 2) . During drought phenolics built up ( Supplementary Fig. 4b ), which was probably caused by reduced phenol oxidase activity ( Supplementary  Fig. 4e ) through soil moisture limitation ( Supplementary Fig. 6 ). This gives evidence that phenol oxidase activity has an optimal soil moisture 22, 23 , above which anoxia inhibits activity (as in most boreal peatlands 3 ) and below which drought limits activity 24 . Most wooded peatlands 10 , like pocosins, stay in unsaturated conditions, and more phenolics consequently exist under shortterm drought 22, 25 , thereby preventing peat oxidation. However, this cannot be sustained with long-term severe drought, such as in our drained sites, where long-term drainage shifted plant communities, causing lower phenolics and higher available nitrogen in soil, with resulting higher HR (Supplementary Figs 4b,f and 5, and Supplementary Table 3) . Although in situ SR levels from drained and restored sites were similar ( Supplementary Fig. 2 ), higher biomass in the restored sites possibly caused higher AR that offset higher HR indicated by our in-laboratory drought experiment in the drained sites.
We consider phenolics build-up during short-term drought as an inherent resilience in peatlands. Why have such processes been detected only in wooded peatlands 22, 23, 25 , and not in Sphagnum peatlands? We postulate that the quantity and quality of phenolics differ greatly in shrub/tree versus Sphagnum/herb, and this difference is a key factor controlling long-term peat conservation in wooded peatlands. To illustrate this, we measured water-soluble and total phenolics in senesced leaves of most species in pocosins and compared our results with the published data in boreal peatlands (Supplementary Table 4 ). In both pocosins and boreal peatlands, shrubs contained the highest phenolics, followed by trees and herbs, with Sphagnum mosses the lowest (Fig. 3) . Importantly, the water-soluble phenolics in shrubs were 10 times higher than those in Sphagnum although the ratio of water-soluble to total phenolics was higher in Sphagnum (76%) than in shrubs (6%). Additionally, shrubs produce much longer-chain phenolics 26 with higher resistance to breakdown, whereas the limited supply of phenolics in Sphagnum hinders such resistance. Therefore, shrub expansion in boreal peatlands not only produces high-phenolic litter but also introduces more phenolics to protect Sphagnum peat. In European peatlands, shrub expansion has been shown to raise phenolics in both litter and pore water 2 . We further tested whether shrub expansion in Sphagnum peatlands can preserve carbon stores by a drought-rewetting experiment. Sphagnum and pocosin inocula were used for reciprocal amendments in Sphagnum and pocosin soils. Pocosin inoculum significantly reduced Sphagnum peat decomposition during drought (Fig. 4) . Consistent with other studies 2, 3, 14, 15 , drought raised SR in Sphagnum peat, but not in pocosin peat before the low soil moisture limited microbial activity (Supplementary Fig. 7 ). Although Sphagnum peat had higher soil moisture in this experiment, it decomposed 20-150 times faster than shrub peat at the same temperature (Fig. 4 and Supplementary Fig. 7 ), which supports our phenolics findings (Figs 2 and 3 ) and indicates that decomposition of Sphagnum peat is more sensitive to drought and warming. These data suggest that an adaptive shift from Sphagnum to shrubs would probably offset some effects of drought and warming 27 . Huge pulse emissions of CO 2 also occurred after rewetting, as in other studies 3 , but quickly dropped to the initial level ( Supplementary Fig. 7 ), which further indicates that peatlands are complex adaptive system with built-in high resilience 6 . Other than phenol oxidase activity and the composition of plant communities, drought also increases the availability of nitrogen that may negatively impact phenolics 28 . We added nitrogen to pocosin soil in the laboratory. A 73% reduction of phenolics was found after 7 days (Supplementary Fig. 8 ). Therefore, nitrogen increases HR not only by boosting microbial activity directly but also by reducing phenolics indirectly 29 . In the drained sites, lower soil phenolics were thus probably caused by both low-phenolic ferns and droughtinduced higher nitrogen (Supplementary Table 3 ). Although trees in the natural site had high phenolics, the higher reactive nitrogen feasibly reduced phenolics there as well ( Supplementary Fig. 4b,f) . Compared with drained and natural sites, soil in the restored sites contained the lowest reactive nitrogen (Supplementary Fig. 4f ), which was conducive to sustaining high phenolics in soil.
Taken together, our studies show dual controls on carbon loss by phenolics build-up during both short-and long-term drought. We demonstrate that shrub expansion as an adaptive succession in the face of climate change not only increases carbon sequestration by producing high-phenolic peat with low nitrogen but can also protect buried historic Sphagnum or fern/sedge (low phenolics) peat. We therefore postulate that moderate drought might have only minor short-term impacts on decomposition in phenolic-laden peat and that the projected catastrophic 'positive feedback loop' between carbon emission and drought 2, 3, 14, 15 might not occur in the long term. Our studies show how phenolics are formed and affected by external forces, which is a key aspect of peatland carbon storage. However, it is still unclear what specific components or groups of phenolics are vital because plants produce and contain thousands of compounds that function differently. We anticipate our study to be a starting point for detailed carbon chemistry and comprehensive long-term studies to further explore these processes. These studies would have important potential applications for better coping with and mitigating upcoming climate changes in wetlands and other ecosystems 30 .
Methods
Methods and any associated references are available in the online version of the paper.
